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AsstracT:  Shallow marine facies assemblages in the late Quaternary
section of Virginia's Eastern Shore Peninsula shed new light on the
relationship between mesoscale stratigraphic units (facies assemblages
or ‘‘depositional systems'") and the bounding surfaces from which they
have been formed. These units were deposited by the coast-parallel
progradation of the Pleistocene barrier spit (Eastern Shore Peninsula)
during successive highstands. As a consequence, each segment of the
spit complex has been produced by the coast-parallel trandation of a
relatively small growth area at the spit tip. Thedistal end of the present
(Holocene) barrier system appears to closely resemble the Pleistocene
highstand growth area, and this environment consequently servesas a
partial analog for interpreting the depositional environment of the fos-
sil highstand deposits.

The many facies patterns present in the spit complex can bereduced
to four kinds of facies assemblages (depositional systems), adopting a
process-based model (facies template). In this scheme, definitions of
both “‘facies” and ‘‘facies assemblage’” are more limited than is the
case in most textbook definitions in that the facies of a given assem-
blage are systematically related to each other by grain size and stratal
pattern, and also related to a bounding surface (*‘source diastem’’)
which is the immediate source of sediment for the facies assemblage.
Vertical transitions between individual facies are easily identified in
outcrop, but the horizontal gradients of facies change are too gentle to
be observed over the short dimensions of the borrow pits, and do not
have sufficient acoustic contrast to appear on ground-penetrating ra-
dar records. However, the facies assemblages, both in the borrow pits
and on radar records, stand out by virtue of their sharply defined
bounding surfaces (sour ce diastems). The facies assemblage either bur-
ies its source diastem or is capped by it.

The assemblages in the spit complex are, in ascending stratigraphic
order: (1) several tidal shoal assemblages, each underlain by a channel-
base diastem, (2) Two shoreface assemblages separated by an inter-
vening marginal shoal assemblage and its underlying channel-base
diastem, and (3) a beach-strandplain assemblage, underlain by a surf
diastem. All of these systems prograded southward as the nose of the
spit prograded, and while they did so, zones of erosion cut the bound-
ing surfaces that separate them. Two important bounding surfacesare
“‘conjugate’’ surfaces, that nourished both the facies assemblage above
and the assemblage beneath. As each surface advanced, erosion at their
leading edge spilled sediment forward, down the nose of the spit, while
sediment was also swept backward, aiding in the burial of the surface.
A conjugate surface creates a ‘*sandwich’ structure, in which two fa-
cies assemblages are separated by the generating surface. Proximal
facies are back-to-back across these sediment-spreading boundaries.

Episodic progradation of the spit tip by development of successive,
recurved, beach ridges has overprinted the horizontal first-order re-
flectors (separating facies assemblages) with gently dipping second-or-
der reflectors that separate successive growth increments of the spit.
Although less clearly defined, these growth increments are essentially
high-frequency autocyclic sequences, and constitute the next higher
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scale of spatial organization above the depositional systems scale. The
manner in which facies have been organized into depositional systems
in the late Pleistocene highstand deposits of the Eastern Shore is spe-
cific to this estuary-mouth setting. These assemblages are, however,
local expressions of a facies ‘‘template’’ that can be generalized to
many other settings.

INTRODUCTION

Modern stratigraphy assumes a hierarchical spatial organization. Small-
scale stratigraphy is defined by sedimentological concepts (beds, bed sets,
and bed cosets; McKee and Weir 1953; Campbell 1967). At larger spatial
scales dtratigraphy is defined by sequence concepts (systems tracts, para-
sequences, sequences; Vail et a. 1977 and many later papers). Between
these end members is an intermediate region, described by the plastic term
“facies” (See Hedberg 1976, for a history of the word). In this paper, we
use the Quaternary section of Chesapeake Bay mouth as a laboratory in
which to examine mesoscale stratigraphy in a shallow marine setting and
develop generalizations concerning its nature.

The Quaternary of the Eastern Shore Peninsula is an ideal location for
studying mesoscale stratigraphy (Fig. 1). Outcrops and water wells on land
reved stratigraphy at intermediate scales; some are sensed by sophisticated
wire-line logging systems. The excellent acoustic coupling of the water
column and seabed on the adjacent shelf has been exploited for geophysical
investigations at intermediate scaes by several workers (e.g., Foyle and
Oertel 1997), and the advent of ground-penetrating radar (GPR) now allows
a similar resolution on land. Furthermore, the dispersal systems that have
generated the Quaternary stratigraphy are still operating.

Our analysis of the Quaternary of Chesapeake Bay Mouth begins with
the presentation of a simple model (genetic facies model) for intermediate-
scale stratigraphy that will allow us to organize our observations. The East-
ern Shore study area and its present (Holocene) dispersal systems are de-
scribed. We then outline the late Pleistocene stratigraphic section and show
how the Holocene dispersal systems can be fitted to the genetic facies
model to produce a‘‘facies template’” that matches our observations of the
Pleistocene section.

Conceptual Model for Granulometric Facies Assemblages

Facies, the commonly recognized mesoscale unit, has been defined by
Reading (1996) as a ‘‘sedimentary volume of constant character.”” The
studies described here have led us to conclude that intermediate-scale lith-
ologic units (facies bodies) are not randomly distributed within stratigraphic
bodies. Walther's law (Walther 1874, in Middleton 1973) says as much,
but we suggest a more limited relationship in which a small number of
spatial arrangements (facies assemblages or depositional systems) are
bounded by surfaces to which they are genetically related (Swift et al.
2003). These assemblages are constructed in a systematic way from small-
scale units (beds and bed sets). They can be mapped and systematically
related to the larger-scale units of sequence stratigraphy. In order to test
this hypothesis against the Quaternary of Chesapeake Bay Mouth, we pre-
sent @ more limited definition of lithology-defined facies (lithofacies).
Granulometric facies are a variant of lithofacies, defined by large-scale,
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Fic. 1.—Geologic Map of the late Pleistocene
deposits of the southern part of the Eastern
Shore Peninsula of Virginia, after Mixon (1985)
with the Kiptopeke Beach, Oyster, and
Mappsville localities indicated. The upper
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horizontal grain-size gradients (meters or kilometers; **facies change'’) and
small-scale, cyclic, vertical grain-size variation (millimeters to centimeters;
“stratification’”). See Swift et al. (2003) for a more complete discussion
of the granulometric facies concept. Our granulometric facies model adds
severa new terms to an aready complex technical vocabulary; however,
our observations of Quaternary coastal deposits require the concepts that
these terms represent.

In the model (Fig. 2), the sea floor is a dispersal system. A dispersal
system can be defined as an assemblage of flow-linked dispersal environ-

surface of the Butlers Bluff Member of the
Nassawadox Formation constitutes the Upland
Surface of Mixon (1985), and the upper surface
of the Wachapreague Formation constitutes his
Bell Neck Strand plain. The Mappsburg Scarp
separates the two surfaces. AM = Accomack
Member of the Omar Formation, KIF = Kent
Isand Formation, OM = Occohannock Member,
WF = Wachapreague Formation, BBM =
Butlers Bluff Member, QM = Quaternary
coastal deposits. Note Mappsville and Cheriton
Scarps, marking the 125,000 yr highstand. The
Stumptown Member of the Nassawadox
Formation, with its several ‘‘facies” described
by Mixon (1985), is an entirely subsurface unit,
lying within the Eastville Paleochannel.

ments aigned dong a gradient of decreasing time-averaged fluid power,
which is also a gradient in transport competence and capacity (Swift et al.
1991). We assume that the dispersal system consists of an initial zone of
flow acceleration, followed by a series of zones of flow deceleration. The
zone of flow acceleration isthe most proximal environment of the dispersal
system and is the eroding source environment. The zones of flow decel-
eration are successive dispersal environments that are partial sinks, by-
passing successively finer fractions of the transported load to downstream
environments. The two-dimensiona dispersal system generates a three-di-
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mensional depositional system as the basin subsides, and the rising, shift-
ing, depositional surfaces generate facies volumes.

The generalized model for a depositional system sketched above (Fig.
2) is a guide or template to stress the fact that its critical elements (mech-
anisms, environments, facies) can be fitted to a variety of depositional
settings, with consequent modifications to its geometry. For instance, in
Figure 2 the template is configured for a transgressive shelf setting. Dis-
persal mechanisms (1-4) move sediment from the source environment
through a series of dispersal environments (A-D). As sea level rises, the
dispersal environments rise and shift landward, creating the volumes that
become the corresponding facies (A’-D’). However, the source environ-
ment is an erosiona rather than a depositional environment. Its trajectory
does not generate a facies volume, but instead cuts a bounding surface, or
source diastem. In this transgressive setting, the facies succession fines
upwards, with the distal and far-distal facies overlying the proximal facies.
In this simplified drawing, the degree of stratal condensation varies with
height above the source diastem; the bed count per unit depth in the section,
when traced seaward, first increases, then decreases (e.g., Aigner and Re-
ineck 1984). The landward beds are the thin, coarse, eroded bases of long-
return-period storm beds (Zhang et a. 1997). They are succeeded by finer
but thicker beds that were deposited in deeper water and have thus expe-
rienced less erosion during the burial process. These are overlain by yet
finer beds that were deposited in a more seaward setting with reduced
sediment supply. There is little erosion, but the beds are sediment-starved,
o are thinner. The source diastem is in this case a ravinement (unconfor-
mity cut by atransgressing sea; Stamp 1922, in Swift 1967). It is a source
diastem because it is the immediate source for the sediment in the depo-
sitional system.

The depositiona system illustrated in Figure 2 is an open one in that
the depositional system is not yet complete, i.e., the lower bounding surface
is a ravinement surface, but the upper bounding surface is till the aggrad-
ing sea floor. However, should sediment supply exceed accommodation
(regressive setting), the succession is reversed (Fig. 3A). Instead of shifting
landward, cutting the basal ravinement, and being buried by its own debris,
the source environment (surf zone) shifts seaward and truncates the section
that it is depositing. Proximal, distal, and far-distal facies are stacked in
reverse (downward fining) order beneath the source diastem. The source
diastem (in this case, a surf diastem) is only exposed as its leading edge
is created during the peak of storm erosion. The resulting strip of surface
is buried as the storm wanes, and a new strip is created by the next major
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(Umax, em  sec) Fie. 2—'‘Depositional systems template,”’
configured for a transgressive shoreface-shelf
setting. 1-4: Dispersal mechanisms. A-D:
successive environments of the dispersal system.
A’-D’: Corresponding facies of the depositional
system. Note the onlapping, backstepping
geometry of the beds and the landward and
downward increase in stratal condensation
(decrease in bed count per unit thickness of
SuCcCession).
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event. In cores through prograding shorefaces, the surf diastem isidentified
as the basal surface of the lowest high-angle cross-strata set. As with the
ravinement, the surf diastem is a source diastem because it is the immediate
source for sediment in the depositional system. Sediment delivered to a
prograding shoreface may have come from a nearby river mouth, but it
was delivered by the wave-driven littoral current, and its most recent resting
place was the adjacent surf zone (source environment).

In a figure such as Figure 3B, the trgjectory of each grain, from the
source diastem to its buria position, can be projected onto the plane of the
diagram as the trace of a bedding plane. As such, it constitutes atime line.
Comparison of grain trgjectories on opposite sides of bounding surfaces
reveds two main classes: divergent boundaries (erosional), and convergent
boundaries (depositional; see Fig. 3B). In the example of Figure 3B, the
source diastem is a convergent boundary, and it is also a conjugate bound-
ary in that it has simultaneously nourished two seaward-prograding dis-
persa systems: one above it and one below it.

In this discussion, we use the term *‘depositional system’ as originally
defined by Fisher and McGowen (1967), ‘‘an assemblage of genetically
related facies”” We use the equivalent term ‘‘facies assemblage’” for a
mesoscale unit when we wish to stress the component facies lying between
its bounding surfaces, and we use the term *‘depositional system’” when
we wish to stress the parallelism between this intermediate scale of orga-
nization and the larger scale, in which the building block is referred to as
a ‘‘depositiona sequence.’”’ The definition of a depositional system thus
paralels the definition of a dispersal system, and a depositional system can
be viewed as the **fossilized hard parts” of a dispersal system.

Granulometric facies fall into three fundamental types (Fig. 2). In the
proximal environments of a dispersal system, fluid power is high, leading
to high levels of stratal condensation, and an amalgamated sand facies is
deposited. The environment is sufficiently energetic that mud beds are nev-
er deposited, or are deposited only as the capping portions of sand-mud
couplets and are destroyed by the subsequent event. The beds thus consti-
tute a condensed section, in which condensation is a consequence of the
energetic nature of the dispersal environment. While **amalgamated’’ tech-
nically means *‘thoroughly mixed,”” the term has been used in stratigraphy
to indicate that stratal contacts are sand-on-sand. Farther down the dispersal
system there isless condensation, and an interstratified sand and mud facies
is deposited. It has the greatest sand-bed count per unit thickness in the
section (Aigner and Reineck 1982). Y et farther seaward, the sectionisagain
condensed, in this case because of the reduced sediment supply. A lami-
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Fic. 3—"*Depositional Systems Template,”
configured for a regressive shoreface-shelf
setting. A) Facies template configured for a
regressive, rising-sea-level setting (supply
exceeds accommodation). Dispersal
environments omitted for clarity, but conventions
are otherwise the same as in Figure 2. Outline
|etters describe depositional systems. B) Panel A
modified to show grain trajectories, and their

Conve

nated or bioturbated mud facies is deposited. Finaly, in the most seaward
position, the rate at which sediment is supplied and the grain size determined
by progressive sorting may both fal below critical levels, so that even the
weaker wave power expended on this deeper bottom is adequate, or more
than adequate, to bypass this reduced load. Deposition cannot occur, and the
bottom may be winnowed or eroded. Such a surface can be considered the
source environment of a new, ‘‘downstream’” depositional system, leading,
for instance, to deposition on a continental ope below a starved outer shelf.
The double names gpplied to the facies described above contain a grain-size
term describing the dominant grain Size and a stratal term describing the
vertica grain size variation. These names reflect both kinds of textural gra
dients present: gradients in progressive sorting, affecting mean grain size,
and gradients in condensation, affecting stratal architecture.

EASTRERN SHORE STUDY AREA

Late Pleistocene Evolution of Virginia's Eastern Shore Peninsula

This section applies the conceptual model for granulometric facies to the
Quaternary section of Virginia's ‘‘Eastern Shore’” Peninsula, which is the

relationship to divergent and convergent

/
rgent boundary boundaries.

southern extension of the Delmarva Peninsula (Delaware, Maryland, Vir-
ginia; Fig. 1). The Eastern Shore Peninsula is a Quaternary spit complex,
with successive segments having formed during successive late Quaternary
highstands of the sea (Mixon 1985; Foyle and Oertel 1992, 1997). The
main spit segments are the Accomack Member of the Omar Formation
(Accomack spit) and the Butlers Bluff Member of the Nassawadox For-
mation (Nassawadox spit, Fig. 1; Mixon 1985, their fig. 2). Toscano (1992)
and Toscano and York (1992) dated the Accomack Member as oxygen
isotope stage 7, deposited 200,000 yr BP. This date is substantiated by
uranium-series dating of corals (Szabo 1985) and amino-acid racemization
tests of mollusks (Wehmiller et a. 1988) from the Omar Formation. In
Accomack County, Virginia, the correlative unit coarsens upward and con-
tains medium-grained to coarse-grained sands and gravels as well as minor
amounts of fine-grained sand and mud (Mixon 1985). Mixon (1985) sug-
gested a nearshore to barrier-spit depositional environment.

The initia deposit of the Nassawadox Formation (Stumptown Member;
Mixon 1985) is found only in the subsurface and constitutes a transgressive
fluvial—estuarine fill within the Exmore Paleochannel, which was the chan-
nel of the Susquehanna River during the preceding lowstand (see cross
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Fic. 4—Oxygen isotope curve showing the relationship of the Wachapreague
Formation (oxygen isotope stage 5¢ or 5a) to the Butlers Bluff Formation (Nassa
wadox spit; oxygen isotope stage 5€). The 880 curve from the foraminifera Uvi-
gerina senticosa per mil to Pee Dee Belemnite in North Atlantic core V19-30. Data
from Shackelton and Pisias (1985).
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section, Fig. 1). It was deposited around 127,000 yr BP, during oxygen
isotope stage 5e (Fig. 4; Mixon 1985; Szabo 1985; Toscano 1992; Toscano
and York 1992). At the culmination of the transgression, the Butlers Bluff
Member prograded southward across the filled paleochannel as a barrier
spit, paused as sealevel fell again, and a further channel wasincised (Belle
Haven Paleochannel; Foyle 1994). The unit then resumed its southward
progradation to form a second segment of the Nassawadox spit (Fig. 5B).
The Butlers Bluff Member is a clean, well-sorted, medium-grained to
coarse-grained, cross-stratified sand, similar to facies E and G of the Ac-
comack Member of the Omar Formation (Mixon 1985).

On the southern end of the Eastern Shore Peninsula, the Butlers Bluff
Member of the Nassawadox Formation is disconformably overlain by the
somewhat finer, horizontally stratified sands of the Wachapreague Forma-
tion (Mixon 1985), which are tentatively assigned to isotope stage 5a (Foyle
1994; See cross section, Fig. 1). The narrow outcrop belt of the Nassa-
wadox Formation forms an ‘“‘upland surface’” on which recurved, south-
ward-facing beach ridges are visible, whereas the lower surface of the
Wachapreague Formation is molded into the Bell Neck Strand Plain (Mixon
1985), whose north-south trending beach ridges prograded nearly due east

(Fig. 1).
Formation of the Holocene Barrier—-Lagoon System

Holocene transgressive lagoon and barrier-island deposits onlap the west-
ern flank of the Pleistocene succession of the Eastern Shore Peninsula
(Mixon 1985), and their mainland-fringing marshes are burying the beach
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Fic. 5—A) Traces of successive lowstand Susquehanna River paleochannels. The Exmore, Belle Haven, Eastville, and Cape Charles paleochannels (named from right
to left) extend beneath Virginia's Eastern Shore Peninsula. They are of successively younger age. B) Successive highstand spit segments on the Eastern Shore Peninsula.
Modified from Colman et a. (1990).
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ridges of the Bell Neck Strand Plain (Fig. 1). These deposits are aresponse
to the late Holocene rise in sea level, which includes both a eustatic com-
ponent (1.0-1.5 um/yr; Fairbanks 1989; Donoghue 1990) and subsidence
component (1.2 wm/yr; Holdahl and Morrison 1974; Hicks and Hickman
1988; Peltier 1990). The barriers appeared in approximately their present
position less than 6,000 yr BP (Newman and Rusnak 1965). Fisher (1968)
interpreted the coastal compartments of the Middle Atlantic Bight (straight
segments between estuary mouths) as responses to the dominant northeast
approach of storm waves. He described a repeating pattern of eroding main-
land beach (northern end), followed by barriers with open-water lagoons,
followed in turn by barriers with marsh-filled lagoons. The Eastern Shore
barriers belong to the latter class. They are characterized by deep inlets
(4060 m) separating short, narrow barrier segments (2-10 km long) with
high retreat rates (1-3 m/yr; Rice and Leatherman 1983; Shideler et a.
1984; Demerest and Kraft 1987; Finkelstein 1988, 1992; Oertel et a. 1992).

Oertel et a. (1992) have argued that this pattern is the consequence of
the encroachment of the barrier-lagoon system on the Mappsburg Scarp
(127,000 yr BP shoreling; Fig. 1). In this model, the steeper slope at the
toe of the scarp has resulted in a narrower and shallower lagoonal system.
The lagoon’s reduced volume is easily filled to near high-tide level by muds
eroded from the adjacent sea floor (Newman and Munsart 1968; Finkelstein
and Ferland 1987; Finkelstein and Kearney 1988; Finkelstein 1992). As a
result, tidal creek systems form. Instead of a radial intake of ebb tidal
discharge from the open lagoon, inlets experience the ebb tide as a jet-like
discharge collimated by the banks of a creek, which deeply incisesthetidal
inlets.

Chesapeake Bay Mouth Shoal Deposits

Episodic, along-coast progradation of the Eastern Shore spit complex
through the late Quaternary has reduced the width of Chesapeake Bay
mouth to 31 km. Although the region is microtidal, the tidal prism of
Chesapeake Bay is sufficiently large to generate tidal currents in the re-
stricted mouth that locally exceed 300 cm s—2. As a consequence, much of
the sand transported by littoral processes to Fisherman Island (at the end
of the Peninsula) does not remain there but is bypassed to a deeper system
of tidal transport and carried from there into the mouth of Chesapeake Bay.
This sand nourishes a*‘ zigzag submarine spit,”" deflected by channels dom-
inated alternately by ebb tidal discharge and flood tidal discharge, which
interfinger across the shoal crest (Ludwick 1970a, 1974; Hobbs et a. 1986;
Colman et a. 1988; Colman et a. 1990; Colman et a. 1992).

HOLOCENE DISPERSAL SYSTEMS ON THE EASTERN SHORE PENINSULA
General

The conceptual model for granulometric facies requires that a facies
assemblage (depositional system) be understood in terms of the lateral suc-
cession of dispersal environments (dispersal system) that created it. The
late Holocene transgressive dispersal system described above is not fully
analogous to the highstand system of isotope stage 5e, but important par-
alels exist, which can be used to test the granulometric facies model. A
fully quantitative resolution of sediment discharge across the inner Virginia
shelf and shoreface is beyond the scope of this study. Nevertheless, pub-
lished studies of sediment dynamics over the last twenty years have greatly
enriched our understanding of sediment dispersal in shallow marine set-
tings. Studies that have taken place on the Virginia coast and inner shelf,
plus related studies elsewhere, alow us to develop generalized maps of the
Eastern Shore dispersal system by means of sets of rules for each dispersal
subsystem. In this section, a series of such portrayals are developed. They
are used to interpret the analogous Pleistocene depositional systems in the
following section.
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Transgressive Shoreface System, Smith Island

Upwards of 10° m? of sand is transported southward along the surf zone
of the Southern Delmarva coast each year, bypassing the inlets on the
curved crests of the ebb tidal deltas (Byrne et a. 1974; Boon 1975; Byrne
et al. 1975; DeAlteris and Byrne 1975; Rice 1977; Slingerland 1977; Boon
and Byrne 1981). Below the surf zone, the transgressive shorefaces of
Delmarva barriers are migrating landward at rates of a meter a year or
more (Moody 1964; Newman and Rusnak 1965). Rates of retreat are not
constant. Successive years of moderately intense storms serve to aggrade
the shoreface at the expense of the surf zone, until a major event, such as
the Ash Wednesday Storm of 1962 (Moody 1964) or the Halloween storm
of 1991 (Wright et al. 1994), strips the accretion of several decades. Part
of this sand is deposited as washover fans on the lagoonal sides of the
barriers (Leatherman et a. 1977), but more is swept off the shoreface and
onto the inner shelf floor by downwelling storm currents (Moody 1964;
Wright et a. 1986). Because of the frequency of **scale-matching’” north-
easter storms, inner-shelf transport is also generally to the south. In these
events, a northeaster storm, whose diameter approximates the length of the
bight, crosses the bight, so that for a period of time the isobars of atmo-
spheric pressure parallel the isobaths of the shelf floor, eliciting a coherent
geostrophic southward flow (summary of references in Swift et a. 1986).
A system of shoreface-connected sand ridges from the middle shoreface of
southern Smith Island trends obliquely north, towards the inner-shelf floor.
Shoreface-connected sand ridges in the Middle Atlantic Bight form as re-
sponses to peak storm flow (Swift et al. 1986). Sediment flux is typically
southward and offshore, obliquely across both the sand-ridge crests and
their intervening troughs. This information can be combined with studies
undertaken elsewhere to generate the following rules for bedload sediment
dispersal on the Virginia Coast.

® At time scales of fifty years or greater, the entire shoreface in trans-
gressive sectors of the Middle Atlantic Bight is undergoing erosional
retrea (e.g., Moody 1964).

® Net sediment flux in the surf zone of the Middle Atlantic Bight (0 to
3 m water depth) is southward and parallels isobaths (Fisher 1968;
Wright et al. 1987). Averaged over time intervals sufficient to include
major storm events (3-10 yr) there is an onshore component of trans-
port, reflecting episodic storm washover of the barrier (Leatherman et
a. 1977)

® Grain size on the beaches of coastal compartments of the Middle
Atlantic Bight fines to the south (Swift 1975).

® Sediment transport on the middle and lower shoreface is directed
southward and offshore, and is oblique to isobaths (Ludwick 1978;
Swift et a. 1985; Wright et al. 1986).

® Sediment transport over storm-generated sand ridges in the Middle
Atlantic Bight is typically south and offshore, obliquely across the
crests (Palmer et a. 1975; Figueiredo et al. 1981).

® Theintensity of this flux diminishes seaward as a function of increas-
ing water depth and decreasing intensity of wave orbital motion dur-
ing peak storm flows (Swift et a. 1985; Héquette and Hill 1995).

® Sand on the inner Delmarva shelf (approximately the 20 m isobath)
fines alongshore to the southwest, down the transport path, from 1.8
¢ a Chincoteague shoals to 2.4 ¢ a Smith Idand (Nichols 1972).

® The troughs between the ridges and the shoreface undergo erosion, as
do the up-current flanks of the ridges, while the crests and down-
current flanks aggrade (Swift and Field 1981).

The preceding patterns of behavior can be applied to a central sector of
the Smith Island shoreface to provide the qualitative estimate of the bedload
dispersal system presented in Figure 6. The arrows in Figure 6 are not
vectors, because absolute values for mean annual sediment transport rates
are not known. However, arrow lengths qualitatively indicate zones of
transport acceleration and divergence required by the behavior outlined
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are not known. Arrow lengths qualitatively indicate zones of transport acceleration and divergence required to explain regiona flow observations. In the cross section,
arrows provide a qualitative estimate of bedload sediment transport in the plane of the section. Eroding source environments are designated in the map view, and the
equivalent source diastems are figured in the cross section. See text for explanation of rules on which this interpretation is based, and Figure 10 for location.

above. Source environments are designated, and the equivalent source dia-
stems are figured in the cross section. In the cross section, a transport
divergence is seen in the surf zone, equivaent to the divergence seen in
plan view. In the cross section, a surf diastem is shown as forming at this
divergence. Farther down on the lower shore face of the cross section, two
of the Smith Island ridges appear. There is flow divergence in each of the
troughs, since flow in the trough is much more nearly contour parallel than
on the crest, and erosion occurs on the landward flank of each ridge (not
resolved on the plan-view map). A channel-base diastem consequently is
initiated in each trough.

Regressive Shoreface System, Smith Island

The southern end of Smith Island is oriented more nearly east-west than
is the central section and is prograding rapidly to the south as a recurved
spit, generating a subaerial strand plain as it does so (Fig. 6). As a con-
sequence of the rotation of the shoreline, the mean annual wave power
experienced by the beach berm of this sector decreases rapidly to the south
(Goldsmith 1974), resulting in a net surplus of sand in the littoral drift
system. We therefore propose a modified description of the dispersal sys-
tem in this sector, to include the following additional generalizations.

® At time scales of 50 years or greater, shorefaces in the Middle Atlantic

Bight that face southward are undergoing southward progradation
(Leatherman et a. 1977; Swift et d. 1972).

® |n the Middle Atlantic Bight, scour and fill of the seafloor in response
to coastal storms attains a maximum in the surf zone, between the
berm and the 3 m isobath (Goldsmith et al. 1974; Wright et al. 1987).

® As successive bars migrate onshore and weld to the beach in these
areas, the surf zone is displaced seaward (Wright et al. 1987, 1988;
Greenwood et a. 1984).

The preceding behavior patterns may be applied to the southern sector
of the Smith Idand shoreface to provide the qualitative estimate of the
bedload dispersal system (Fig. 6B). Source environments are designated,
and the equivalent source diastems are figured in the inset. In the latter,
arrows based on the same rules provide a qualitative estimate of bedload
sediment transport in the plane of the section (Fig. 6A). The surf-base scour
is a source environment. It is buried as a disconformable surface (source
surf diastem) as indicated in the cross section (Fig. 6A).

Marginal Shoal System, Fisherman Island

Along the south flank of Fisherman Island, the shoreface losesits simple
exponential profile, as Fisherman Shoa (the most onshore of the baymouth
tidal shoas) zig-zags from the floor of the channel mouth up to the upper
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shoreface (Fig. 7A). The baymouth shoals can be viewed as partitions sep-
arating tidal channels, which are typically *‘blind’* or **dead end”’ channels
that terminate in either the ebb or flood direction. The first case is referred
to by Ludwick (1970) as an ‘‘ebb sulcus’ and the former case asa**flood
sulcus.”” The channels are correspondingly ebb- or flood-dominated, in that
over the duration of atidal cycle, the ebb or flood discharge at a station
in the channel is greater than the alternate discharge. The convergence of
two tidal shoals towards the blind end of a tidal sulcus leads to the for-
mation of a **parabolic’” tidal shoal, or in some cases a double parabola
or‘‘Z" shodl.

The pattern of sediment transport in the shoal complex of the Chesapeake
Bay mouth has been computed by Ludwick (1975; see also Ludwick 1970,
1972, 1974), and can be summarized as follows:

® The passage of the tida wave from the shelf into the shallow bay

mouth creates a strong horizontal gradient in tidal phase (Ludwick
1970, 1974).

® The cohesionless substrate is unstable in the presence of the gradient
and atidal channel-tidal shoal system evolves (Ludwick 1975).

® Bottom sediment flux is most intense along the channel axes where
the water is deepest and experiences the least frictiona retardation.
Bottom sediment transport is least intense along shoal crests (L udwick
1975).

® Sediment flux diverges aong eroding channel axes and converges
along aggrading shoa crests (Wells and Ludwick 1974; Ludwick
1975).

® Shoals aggrade upward into the zone of wave orbital motion until
tidal aggradation during the quiescent summer periods is balanced by
crestal degradation by winter storm waves (Granat and Ludwick 1980;
Ludwick 1967, 1974).
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® Because the opposite sides of partition shoals tend to have an oppos-
ing sense of transport, the shoal tends to serve as a sand circulation
cell, or closed loop in the sediment dispersal pathway (Ludwick
1974).

® Fuid discharge and sediment dispersal patterns tend to be skewed
relative to the shoa morphology in that one side of the ridge or the
other experiences a more intense sediment flux, so that the ridge as a
whole tends to migrate laterally through time (Ludwick 1975).

This general behavior leads to the qualitative analysis of sediment dis-
persa on the southern margin of Fisherman Island (Fig. 7A). Side-scan
sonar profiles across Nautilus Shoal indicate that the sand of the shoal is
transported by migrating flow-transverse bedforms at several spatial scales
(ripples, megaripples, sand waves, see Fig. 8 and aso Ludwick 1970,
1972). During the southward progradation of the marginal shoal complex
across the mouth of Chesapeake Bay, scours associated with the channels
between the sand shoals are buried as disconformable surfaces (channel-
base diastems), and they are so shown in the cross section (Fig. 7B).

Baymouth Shoal System, Nine Foot Shoal

Nine Foot Shoa and Inner Middle Ground Shoa in Chesapeake Bay
Mouth together constitute a *‘Z-shaped’’ shoal south of North Channel.
Conclusions for tidal bedload as presented above lead to the qualitative
analysis of sediment dispersal on the Z-shaped shoa (Fig. 9). During the
southward progradation of the marginal shoal complex across the mouth
of Chesapeake Bay, scours associated with the channels between the sand
shoals are being buried as disconformable surfaces, and they are so shown
in the cross section (Fig. 9B).

Figure 10 illustrates the integrated shallow-marine bedload dispersal sys-
tem, for modern, near-highstand conditions on the north side of Chesapeake
Bay. At the scale of this diagram, tidal shoals cannot be resolved as indi-
vidua sand circulation cells, and transport appears to be continuous aong
the zigzag crest of the shoa complex.

B. PARSONSET AL.

Fic. 8—Interpreted sonogram from Nautilus
Shoal in the mouth of Chesapeake Bay from
November 1997. Dashed white lines trace the
crests of sinuous sand waves. Highly sinuous
megaripples and relatively straight wave-
dominated small-scale ripples are also apparent.
Location of sonogram is shown in cross section
of Figure 7. Sonogram is from port transducer
only.

DEPOSITIONAL SYSTEMS OF THE LATE PLEISTOCENE HIGHSTAND
General

The stratigraphic succession of isotope stage 5 (successive members of
the Nassawadox Formation, Fig. 1) was deposited under near highstand
conditions to fully highstand conditions, at approximately 127,000 yr B.P.
The upper part of this succession is exposed in the Oyster borrow pit north
of the town of Oyster, Virginia, and a the Chesapeake Bay shoreline at
Butlers Bluff (Kiptopeke State Park, Cape Charles, Virginia). See Mixon
(1985) for details of these locdlities. This section reviews facies associa-
tions at these localities and interprets them in the light of the analogous
Holocene depositional systems.

On the basis of criteria established for granulometric facies (Swift et a.
2003), a single facies, the amagamated sand facies, is present in the Nas-
sawadox Formation. However, well-defined subfacies can be discerned, on
the basis of primary structures, mean grain size, and percent lithic gravel
(Table 1). A horizontaly stratified sand subfacies is horizontally stratified,
and consists of fine- and very fine-grained sand (mean particle diameter
less than 2.00 ¢ or 250 wm). Such sand characteristically travels in short-
term suspension, and the deposits of such suspension events are horizon-
taly stratified, upward-fining beds.

The cross-stratified sand subfacies exhibits high-angle cross-stratification
and consists of sand coarser than 2.00 ¢ (250 um, see Table 1). Such sand
travels as bedload, primarily via bedform migration (Dyer 1984), hence the
association with cross-stratification. A cross-stratified, shelly, gravelly sand
subfacies is defined by the presence of 5 to 50% gravel and Spisula soli-
dissima casts. This subfacies is intimately associated with the cross-strati-
fied sand subfacies, and was deposited as a basal lag by migrating mega-
ripples. The grain-size relationships of these subfacies are presented in
Figure 11, and their stratigraphic relationships, as revealed in the face of
the Oyster Borrow pit, are illustrated in Figure 12. Their character, and the
rationale for their classification, are discussed in greater detail in Muller et
al. (1999). In the rest of this paper, these subfacies are simply referred to
as facies.
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The three facies of the Nassawadox Formation occur in distinctive facies
assemblages (depositional systems) whose spatial relationships are revealed
by ground-penetrating radar (GPR) profiles (Fig. 13). In the GPR profiles,
the bounding surfaces of the facies associations are well-defined reflectors.
Two other classes of less well-defined reflectors are also seen in Figure 13.
First-order reflectors are the most continuous, with continuities in excess
of 500 m. Second-order reflectors are less continuous (1040 m). Third-
order reflectors cannot be traced farther than 10 m. When GPR profiles are
traced into borrow pits or aong exposures where the stratigraphy is ex-
posed, the first-order reflectors appear as bounding surfaces of depositional
systems, in that genetically related facies occur between two bounding sur-
faces but do not cross either surface, in accord with the definition of a
depositional system formulated by Fisher and McGowen (1967). While we
have found the facies interpretations offered by Mixon (1985) to be very
useful, the facies that we delineate within the highstand Butlers Bluff Mem-
ber are not directly comparable to the facies described by Mixon (1985)
in the Butlers Bluff and Stumptown members of the Nassawadox or in the

the map view, and the equivalent source
diastems are figured in the cross section. See
text for explanation of generalizations on which
this interpretation is based, and Figure 10 for
location.

Accomack Member of the Omar Formation. Rather, each Mixon *‘facies’”
appears to be the equivalent of a depositional system as the term is used
in this paper. The following depositional systems can beidentified in Figure
12.

Baymouth Shoal Depositional System

This depositional system consists of the cross-stratified sand facies in-
tercalated with the shelly gravelly sand facies, over vertica scales of 10~
60 cm (compare Figs. 12 and 14). Trough cross-sets are typicaly large
near the base of the section (up to 14 m wide) and become smaller (to 30
cm wide) and finer-grained up section. Thick gravel lenses occur at the
base of basal cross-strata sets, with thinner basal gravel lenses up section,
with gravel-size materia consisting largely of disarticulated valves of the
common Atlantic surf clam, Spisula solidissima. Tidal shoals in the mouth
of modern Chesapeake Bay are blanketed by fields of sand waves of this
scae (Fig. 8), and similar sands and shelly gravelly sands have been de-
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scribed from them (Ludwick and Wells 1974; Wells and Ludwick 1975;
shaded field, Fig. 11). We infer, therefore, that the cross-stratified succes-
sions of Figure 12 were deposited by baymouth shoal dispersal systems of
the kind described earlier in this paper. These facies successions would fit
the definition for a depositional system presented above if the gravel-rich
basal sections are envisioned as a proximal facies complex and the gravel-
poor upper sections as a distal facies complex. In this scheme, the lower
bounding surfaces (OR-5, OR-6 in Fig. 12) are channel-base diastems cut
by lateral channel migration, and they serve as the source diastems for the
upward-fining facies successions that migrate over them. These diastems
have up to 2 m of relief over a horizontal extent of 20 m and locally
truncate underlying strata.

Shoreface Depositional System

Two of the bed successions above the Baymouth Shoa deposits consist
primarily of the horizontally-stratified sand facies (Fig. 12). They are sep-

TasLe 1.—Classification scheme of facies in the Butlers Bluff Member (after Mull-

er et al. 1999).
Percent Gravel Mean Diameter Name
5-50% gravel >2.00 ¢ Cross-stratified, shelly, gravelly sand facies
<5% gravel >2.00 ¢ Cross-stratified sand facies
<5% gravel <2.00 ¢ Horizontally stratified sand facies

Generalized sediment transport is also indicated.
Compare with Figure 1.

arated by an interval of cross-stratified sand and shelly gravelly sand similar
to the underlying shoal deposits. The two intervals of horizontal stratifi-
cation can be treated as a single upward-coarsening section (long arrow,
Fig. 12B). Trace fossils of the Skolithos and Cruziana ichnofacies (Bromley
1996) are present in each. The sands are fine-grained to very fine-grained
and resemble those found on the progradational sector of the modern shore-
face of the lower Eastern Shore Peninsula (Nichols 1972; lightly shaded
pattern, Fig. 11). We infer that these successions were deposited by a pro-
grading shoreface dispersal system. The shoreface dispersal system was
apparently not continuous but was interrupted by amarginal shoal dispersal
system (compare with Fisherman shoa, Fig. 7). In Figure 12, the lower
shoreface interval rests conformably on the Upper Baymouth Shoal deposit
(Reflector OR-4; convergent boundary; see definition above) and is capped
by a divergent channel-base diastem (Reflector OR 3).

While the lower shoreface interval is relatively homogeneous, there are
two thin, coarse, shelly laminae. These are interpreted as having formed
during periods of significant erosion of the lower-shoreface dispersal en-
vironment, followed by resumed progradation of the spit (*‘multiple lower-
shoreface systems”’ Fig. 12). Their significance is considered below. The
upper-shoreface interval rests conformably on the marginal shoa deposit
(OR-2; another convergent boundary; Figs. 12, 14, 15). The upper bound-
ing surface (OR-1) is a divergent boundary: a source diastem, and more
specifically the surf diastem, whose formation has generated the facies suc-
cession that it caps. The lower bounding surface (OR-4) is a convergent
system boundary.
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Marginal Shoal System

This depositional system, like the baymouth shoal system, consists of
the cross-stratified sand facies intercalated with the shelly gravelly sand
facies. These deposits, sandwiched between the two shoreface intervals,
closely resemble those of the baymouth shoa systems. The system is3 m
thick. Some cross-strata sets at the base exceed 60 cm in thickness and are
over 8 m wide normal to the transport direction. The scale of cross-strat-
ification significantly exceeds that observed in upper-shoreface deposits
(e.g., Greenwood and Sherman 1984). Because the deposit is intercalated

®

B Horizontally stratified facies

depositional environments of the modern Eastern
Shore shoreface, and Chesapeake Bay mouth.
Modern shoreface data is taken from Nichols
(1972), and modern tidal shoal data is taken
from Ludwick and Wells (1974).

in a shoreface succession, it is best explained as a margina shoal deposit
similar to Fisherman Shoa on the south end of Fisherman Island, on the
modern coast of the Eastern Shore (Fig. 7). The marginal shoal system
rests on the channel-base diastem (OR-3; Figs. 12, 14, 15) that provided
its sediment.

Strand-Plain Depositional System

This depositional system forms the upland surface of the Eastern Shore
Peninsula (Fig. 1). The Peninsula is thought to have been subject to the

©

0 —
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Fic. 12—A) Log of measured section of core
adjacent to the Oyster borrow pit, with facies
designations based on visua estimation of grain-
size. B) Grain-size profile indicating upward-
coarsening trends, based on grain-size analysis
by particle analyzer (< 2 ¢) and sieving (> 2
¢). C) Interpretation of depositiona systems and
bounding surfaces. OR-1 through OR-6 are
reflectors (R) detected near the Oyster pit (0) by
ground-penetrating radar.



684

SE Distance (meters)

0 4 8 12 16 20

- mmmmmmmmnummmmm-mmmmmnwm mm,wmm

b § TTPR I s g Pt

- P
-1 -s‘iilgy»
y = SR ey,
iflﬁfﬁW%fv —
B i

m-.w

.at»'!!-’ﬂi

100 ’“‘wmwmw-—‘“ww‘wwa«mwmmmmw

Time (ns)
A4
k]
g L %,
§
% Eﬁif%
é;%z
. "‘&'
h
A

200 %mmmmmm‘%mm x

p,-‘" SRS &\
300 \

37° 10.5N
075° 59.3W

v purs e s T L8 senrrrsi S W s,
muwgph‘ammma-wmmmg o W&w
J’%m%@;- ?mmwwj@

v L

5 1 it YRR | .zﬁ*ﬁl'} ip
- "“b_,_.q'g,!l h%ggwrm‘ﬂﬁ‘ﬂ
s g}mw oy f;,*, v«
— )ﬁh\»f"se i _: '

B. PARSONS ET AL.

Nw
24

(s1eppw) yideg

- First order
Strand plain

(Systems boundmg)

N\ _ o~ -

system

~ Third order

(Bedset bounding)

Shoreface
system

(Bounds growth increments

Second orde/r))/ N
] _~ |KR3

Fic. 13.—Ground-penetrating radar profile of
the Butlers Bluff Member at the type locality
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— are more continuous than second-order or third-

- order bounding surfaces. They are boundaries

between facies assemblages (depositiona
systems). KR1 through KR3 are reflectors (R)
detected at the Kiptopeke site (K) by ground-
penetrating radar.

deposition of loess blown off the emerged floor of Chesapeake Bay during
the 18,000 yr BP lowstand (Mixon 1985). As a consequence of subsequent
soil-forming processes, a thick zone of iron enrichment largely obscures
the properties of this system. However, aerial photography and topographic
maps indicate that its upper surface is molded into recurved beach ridges
(Figs. 1, 16), hence we infer that it is a strand-plain depositional system,
similar to that seen at the southern end of Smith Iland (Fig. 6). The strand-
plain depositional system rests on the surf diastem (OR-1, Fig. 12) that
provided its sediment.

Spit Growth Increments

At horizontal scales of 100 m to 1 km, an additional pattern of spatial
organization appears. The growth of the ancestral Accomack and Nassa-
wadox spits appears to have been episodic, asis the case with modern spits
(Aubrey and Gaines 1982; Fox et a. 1995), in which periods of rapid
progradation lasting for months or years are marked by episodes of storm
erosion (Carter 1986). Spit growth increments can be identified on the
upland surface of the Eastern Shore spit complex as successive sets of
recurved beach ridges (Figs. 1, 16). Their bounding surfaces can be iden-
tified on GPR records as second-order reflectors (Fig. 13). The second-

order reflectors are more steeply dipping than the nearly horizontal first-
order reflectors but cannot be traced as far. At the Oyster pit several iso-
lated, thin to very thin bed beds (1-10 cm thick) of gravelly sand emerge
from within the horizontally stratified sand facies of the lower shoreface
system at the same heights from the base as those of second-order radar
reflections in the adjacent field (labeled *“G’" in Fig. 12). Although some
of these gravelly beds be may be individua storm events, we infer that the
thicker examples record episodes of erosion that lasted for years or decades,
and constitute the bounding surfaces of spit growth increments. The incre-
ments are a high-frequency phenomenon and are not to be confused with
the spit segments extending for tens of kilometers that formed during suc-
cessive high stands.

DISCUSSION
I dentifying Pleistocene Depositional Systems

The depositiona systems (facies assemblages) of Quaternary Butlers
Bluff and Accomack members can be resolved by comparing the borrow
pits in which they crop out with GPR records (Fig. 12). The assemblages
into which these facies are organized stand out clearly in borrow pits by
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virtue of their sharply defined systems-bounding surfaces. Brown and Fish-
er (1977) first noted that the bounding surfaces of depositional systems are
better defined than are the bounding surfaces of their constituent facies, but
this observation has not been recognized as a basic principle. Our experi-
ence supports that of Brown and Fisher (1977); these boundaries can be
traced for many kilometers beyond the borrow pits where they are exposed.
Vertical facies transitions between proxima and distal facies are easily
defined and identified in outcrop, but the horizontal gradients of facies
change are too dight to be observed over the short dimensions of the
borrow pits and do not generate the reflective interfaces as strong as those
that define the assemblages.

Interpretation of Pleistocene Systems: The Holocene
as a Partial Analog

The highstand Pleistocene dispersal system must have differed in sig-
nificant ways from the transgressive Holocene dispersal systems portrayed
in Figs. 6, 7, and 9. The Nassawadox paleospit is a continuous body nearly

B. PARSONSET AL.
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X Fic. 16.—Beach ridges on the Upland Surface
1 kilometer o 9 e

(surface of the Butler's Bluff Member) near
Oyster, Virginia

70 km long. GPR records through the Mappsburg Scarp (see Fig. 1 for
location) suggest that this scarp was the highstand shoreline and that it was
nearly stationary during the brief time that it took for the Nassawadox spit
to extend coastwise to its present length. The recurved dune ridges seen in
plan view on the **upland surface”” of the Eastern Shore (Fig. 16) indicate
a''side-dlipping fishhook mode of coastwise propagation of the highstand
shoreline. The Holocene barrier system, in contrast, consists of short (4—
12 km) segments separated by deeply incised inlets and is undergoing rapid,
washover-driven shoreward retrogradation. Constriction of the bay mouth
by earlier completion of the Nassawadox paleospit means that present tidal
currents in the bay mouth are so intense that the new ‘‘growth area”’ of
the Holocene can no longer undergo subaerial progradation but bypasses
its surplus sand to the reversing tidal currents of the baymouth.
Nevertheless, patterns of morphodynamica behavior are shared by the
Pleistocene and Holocene dispersal systems, so that the better resolved
Holocene system can be used as a *‘partial analog”” for Pleistocene mor-
phodynamics, in the sense of the term first used by Brenner (1978); See
also Bouma et a. (1982). Fisherman Island and Smith Island, at the south-
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ern end of the Holocene Eastern Shore barrier system, both have prograding
strand plains and prograding shorefaces, as the tip of the Nassawadox spit
must have had. Fisherman Shoal, a marginal tidal shoal, climbs obliquely
up the shoreface of Fisherman Island. Fisherman shoa is the innermost
link of the of the baymouth shoal system, the **zig-zag submarine spit’” of
Ludwick (1974). As such it would be a more or less permanent feature of
the bay-mouth morphology, as long as bypassing from littoral drift to sub-
marine tidal transport occurred, and the presence of a basal layer of tidal
shoals beneath the spit indicates that such bypassing was occurring even
during the rapid progradation phase of the spit. We conclude that the
“‘growth ared’ at the tip of the Nassawadox paleospit, as it overran the
tidal shoals of the bay mouth must have looked much like the present
southern margin of Fisherman Isand.

Depositional Systems Architecture

Examination of other Mixon (1985) localities suggests that the columnar
section measured in the Oyster pit and in nearby cores (Fig. 12) is char-
acteristic of earlier highstand spit segments of Virginia's Eastern Shore
Peninsula. Measured sections at Kiptopeke Beach and Abbot pit, and 10
m cores collected from the latter sites reveal that the Accomack and Nas-
sawadox spit segments consist of as many as six stacked progradational
depositional systems (Fig. 17). Each spit segment is the product of coast-
parallel progradation and consists of successive systems sets (high-fre-
quency segments, or growth increments) deposited by a small, intermit-
tently advancing dispersal system (*‘growth area’ in the inset of Fig. 17).
The spatial organization of dispersal environments in this southward-prop-
agating *‘growth areal” determines the resulting stratigraphy. In this model,
two eroding source environments (the trough behind the marginal shoa on
the middle shoreface, and the surf zone above it) are seen as key surfaces.
They control sediment dispersal in the modern equivalent of the growth
area (Fig. 7) and would presumably do so aso in the Pleistocene equivalent.

The analysis of Holocene dispersal systems presented above suggests the
following morphodynamical scenario for the deposition of the Nassawadox
and Accomack paleospits segments. Littoral sand in the growth area moved
during storm events, as it does on the Virginia coast today (Wright et al.
1987). Mgjor events scoured the surf zone, cutting a new strip of the surf
diastem, shunting sand seaward into rip currents, and prograding the upper
shoreface as reported during observations of storm flows in the Modern
Middle Atlantic Bight (Swift et a. 1985). As the storm-enhanced littoral
current subsided after each event, the surf zone backfilled, covering the
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Fic. 17.—Schematic diagram illustrating the
relationship between depositiona systems,
growth increments, and the dispersal system of
the Nassawadox spit.

freshly created strip of surf diastem. Landward-asymmetrical, fair-weather
motion, dominated by the landward stroke, drove sand onto the prograding
beach during the ensuing fair-weather periods, as it does now on Virginia
beaches (Wright et a. 1987), farther burying the surf diastem. Meanwhile,
further down the shoreface, the channel behind the marginal tidal shoal and
the upcurrent flank of the shoal were similarly scoured, in this case by
storm-enhanced tidal currents. Sand eroded from the beach and surf zone
during these events was swept obliquely across the channel and shodl,
prograding the shoal and the lower shoreface below it, as sand is trans-
ported across the modern baymouth shoals (Ludwick 1975). The freshly
created strip of channel-base diastem was backfilled by cross-strata sets
similar to those mapped in modern tidal channels during the ensuing fair-
weather period (Fig. 8).

These morphodynamical inferences lead to the model for systems ar-
chitecture presented in Fig. 17. The model assumes that, as the spit-tip
dispersal system prograded southward, it deposited a ** double sandwich’’
of facies assemblages with clearly marked bounding surfaces (Fig. 17). The
two source diastems shed sediment downslope and ahead of themselves,
then, during the next event, overroded those deposits. At the end of each
event, the source diastems mantled themselves in their own debris as the
storm-amplified current waned. As a result each source diastem deposited
two facies assemblages: one that it overrode, and one that buried the dia-
stem. The systems were mirror-image systems (conjugate systems) in that
the two proximal facies (of coarsest sediment) lay back to back. The pattern
of double depositional systems (conjugate systems) does not extend down
to the baymouth shoal systems that are being overrun by the coast-parallel
prograding spit. Here, stacked, asymmetrical systems are separated by sin-
gly divergent source diastems.

Systems versus Sequence Architecture

Second-order bounding surfaces (Fig. 13) appear in the conceptual model
as steeply dipping lines separating horizontally stratified spit increments
(Fig. 17). The increments are spatialy (and by inference temporally) high-
frequency phenomena, and are not to be confused with the spit segments
extending for tens of kilometers that formed during successive high stands.
They are probably two to three orders of magnitude shorter than the high-
stand segments. The second-order reflectors that define the growth incre-
ments (Fig. 13) downlap onto, or toplap againgt, the horizontal first-order
reflectors that separate facies, and a second-order reflector cutting across
the upper two depositional systems locally appears to ‘*‘connect’” with a
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similar reflector cutting across the two lower systems. These cross cutting
second-order reflectors presumably represent periods of erosion that halted
progradation of the spit. The growth increments constitute the highest-
frequency sequence stratigraphic elements present on the Eastern Shore
Peninsula. They are high-frequency bed successions. They are autocyclic
sequences, in that they are more likely to be due to random (chaotic) fluc-
tuations in spit-forming processes than to sea-level fluctuations. The high-
frequency repetition of a facies assemblage by autocyclic processes was
first investigated by Caster (1934), who distinguished between a *‘ parva
facies” within each autocyclic segment and a *‘ magnafacies’ as the sum
of agiven class of parvafacies extending through successive segments. The
shoreface systems of Figure 17, as each are repeated through successive
growth increments, constitute such magnafacies.

At yet larger spatid sdles, the late Quaternary deposits of the Virginia
Eastern Shore Peninsula are organized into apparent alocyclic (sea level—
controlled) sequences a two temporal scales. Thisinsight is based in large
part on the work of Mixon (1985), who described the stratigraphic rela-
tionships that he observed with great fidelity, although he did not attempt
to cast his observations into a sequence stratigraphic mold. The sequences
of the Eastern Shore Quaternary inferred from Mixon's (1985) study are
anomalous in that they are highly three-dimensiona (Fig. 18). A single
100-kyr sequence starts off with a valley-fill deposit such as the Stumptown
Member of Figure 1. Such valley-fill deposits were assigned to the lowstand
systems tract in the early sequence stratigraphic literature (Van Wagoner
et al. 1988). However, Dalrymple et a. (1992) and Allen and Posamentier
(1993) have more recently attributed them to the transgressive systems
tract. Such an interpretation seems reasonable on the Eastern Shore Pen-
insula, where Quaternary maximum lowstand deposits must lie a the shelf
edge 180 kilometers to the east, stratigraphically lower than the lowstand
valleys are incised. Consequently, we assign the Stumptown Member and
other, earlier Eastern Shore valley fills to the back-barrier portion of the
transgressive systems tract (back-barrier sub-tract below the ravinement
surface; Thorne and Swift 1991). The transgressive shelf sub-tract presum-
ably overlies the ravinement and is capped by the maximum flooding sur-
face (Fig. 18). Mixon (1985) did not report a basal open-marine transgres-
sive unit between the Butlers Bluff and Stumptown members, but the unit
would be observable in the subsurface only and therefore not readily de-
tected.

The age of the Butlers Bluff Member of the Nassawadox Formation
(isotope stage 5e; See Figs. 1 and 18) and its coastwise prograding dynamic
suggest that it is the 100-kyr (fourth-order) highstand systems tract of the
late Pleistocene sea-level cycle (isotope stages 1-5, Fig. 4). If its history
resembled that of modern spits, it would have formed quickly within this

Earlier spit
segment

Fluvial incision
surface

STUMPTOWN MBR,
NASSAWADOX FM
Transgressive back-barrier
systems tract (valley fill)

Fic. 18—Schematic perspective view of the
Nassawadox Formation, showing relationship
between the depositional systems of the Butlers
Bluff Member and the sequence stratigraphic
elements of the Formation. Compare with
Figure 1.

period. The Wachapreague and Joynes Neck formations, not clearly distin-
guished in the Eastern Shore Peninsula by either Mixon or ourselves, are
capped by seaward-prograding strandplain deposits that have formed 5 me-
ters below the highstand system (Bell Neck Strand plain, Mixon 1985).
They appear to have developed during the high-frequency (fifth-order or
greater) precession- and obliquity-controlled sea-level oscillations repre-
sented by isotope stages 5a-d (Fig. 4). At the temporal scale of the (fourth-
order) Butlers Bluff Formation, these units constitute a falling-stage sys-
tems tract (Plint and Nummedal 2000).

SUMMARY AND CONCLUSIONS

Our primary data come from the late Pleistocene highstand deposits, but
the analogous Holocene dispersal environments are sufficiently well de-
scribed in the literature to permit close comparison with the Quaternary
facies, so that the Quaternary deposits of the Eastern Shore Peninsula serve
as a natural laboratory for uniformitarian analysis. The facies assemblages
of the late Quaternary Butlers Bluff and Accomack members of the Eastern
Shore Peninsula were deposited during the coast-parallel progradation of
barrier spits during periods of highstand. Consequences that stem from this
fact serve as keys to the uniformitarian interpretation of the resulting facies
architecture. First, each successive spit unit has been produced by the coast-
paralel trandation of arelatively small growth area at the spit tip. Second,
the present (Holocene) barrier system, more a transgressive systems set
than a highstand systems set, is nevertheless a partial analog for the fossil
highstand deposits, in that progradation can be observed near the southern
end (Fig. 6). Third, the distal end of the Holocene barrier system appears
to closely resemble the highstand growth area. Wave heights decrease rap-
idly near the end of the barrier system (Fisherman Idand). The rate of
upper-shoreface deposition is very high, and Fisherman Island is prograd-
ing into the adjacent tidal channel.

In order to initiate this analysis, we introduced a more rigorous definition
of lithofacies, in which ** granulometric facies”” are defined by characteristic
vertical and horizontal grain-size profiles and occur in specified relationship
to their bounding surfaces. Given these relationships, the depositional sys-
tems of Quaternary Butlers Bluff and Accomack members are readily re-
solved by virtue of these sharply defined bounding surfaces, both in the
borrow pits that expose them and on ground-penetrating radar records (Fig.
13). Three basic facies (shelly gravelly sand facies, cross-stratified sand
facies, horizontally stratified sand facies) occur in varying proportions in
each of five depositiona systems (Fig. 12). Each facies assemblage is sys-
tematically related to a bounding surface (source diastem) that provided
the sediment for the assemblage. These sharply defined bounding surfaces
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are first-order reflectors that are significantly more continuous than the
fainter, third-order reflections of beds within the facies assemblages. The
successive facies within these facies assemblages are less easily discrimi-
nated. Vertical transitions between proximal and distal facies are easily
defined and identified in outcrop, but the horizontal gradients of facies
change are too gentle to be observed over the short dimensions of the
borrow pits and do not generate the reflective interfaces that serve to define
the assemblages themselves.

The source diastems of these Pleistocene depositional systems can be
compared with the eroding source environments (tidal-channel thalwegs,
surf zone) in the analogous Holocene dispersal systems of the adjacent
oceanic shoreline. Facies assemblages of the Nassawadox spit were orga-
nized around two coastwise-prograding erosional surfaces (source environ-
ments), the surf diastem and the channel-base diastem cut by the base of
a margina tidal channel. Each surface generated two back-to-back (con-
jugate) depositional systems (Fig. 17).

Progradation of the tip of the ancestral Nassawadox spit was episodic,
resulting in successive sets of recurved beach ridges. The episodic process
created more steeply dipping second-order reflectors that separate growth
segments of the spit (Figs. 13, 17). These spit-growth increments are es-
sentially autocyclic high-frequency sequences. They constitute the smallest
scale sequence stratigraphic elements present, occurring two orders of spa-
tial scale below the sequence architecture created by a single 120,000-yr
sea-level cycle.

The manner in which facies are organized into depositiona systems in
the late Pleistocene highstand deposits of the Eastern Shore is specific to
this setting. In particular, the *‘double decker’” structure, in which two
conjugate, prograding, tidal-shoal-related systems are overrun by a second
conjugate set of systems (prograding shoreface—prograding strandplain) is
not likely to occur in other than an estuary-mouth setting. The upper double
system (prograding shoreface—prograding strandplain) is however a ubig-
uitous one, whose characteristics can be observed in other shallow marine
deposits. More generally, these assemblages are local expressions of a
“template”’ of facies and facies assemblages that can be extended to many
other settings. Nummedal et a. (1993) have summarized available infor-
mation concerning ‘‘the development of multiple erosion surfaces within
parasequences and sequences,”’ citing many earlier observations. In addi-
tion to the surfaces described in this paper, these earlier papers describe
the tidal ravinement (Allen and Posamentier 1993), bay ravinement, and
fluvia erosion surface (Nummeda and Swift 1987). Nummeda et dl.
(1993, p. 66) offer as a new element in their paper, ‘‘the explicit modeling
of generation and loss of accommodation space in response to migrations
of fluvia and shoreface equilibrium profiles.”” We support the inference of
Nummedal et a. (1993), who conclude that intrasequence surfaces are sys-
tematically positioned within the evolving sequence, and offer as a new
element in this paper, evidence that in addition they control the arrangement
and character of the intervening facies assemblages.

ACKNOWLEDGMENTS

The research described in this paper was supported by Department of Energy
grant ER62478-1010025-0001649, and by Office of Naval Research grant N00014-
95-1-0202. We thank the Nature Conservancy and the Fisherman Island National
Wildlife Refuge for their cooperation in the course of the field work on Smith and
Fisherman Idlands, and the crew of NOAA R/V Ferrel for their support of the ship-
borne operations. We thank Kathy F. Gorry and Cathy McConaugha for editorial
assistance.

REFERENCES

AlGNer, T., AND Remeck, H.E., 1982, Proximality trends in modern storm sands from the
Heligoland Bight (North Sea) and their implications for basin analysis: Senckenbergiana
Maritimav. 14, p. 183-215.

ALLEN, G.P., AND PosamenTier, H.W., 1993, Sequence stratigraphy and facies model on an
incised valley fill: The Gironde Estuary, France: Journa of Sedimentary Petrology, v. 63,
p. 378-391.

689

Ausrey, D.G., anD Gaines, A.G., 1982, Rapid formation and degradation of barrier spits in
areas with low rates of littoral drift: Marine Geology, v. 49, p. 257-278.

Bouma, A.H., BerryHiLL, H.L., KNeseL, H.J., aND BRenner, R.L., 1982, Continental shelf, in
Scholle, P.A., and Spearing, D.R., eds., Sandstone Depositional Environments: American
Association of Petroleum Geologists, Memoir 31, p. 281-327.

BRrenNER, R.L., 1978, Construction of process-response models for ancient epicontinental sea-
way depositional systems using partial analogs (Abstract): American Association of Petro-
leum Geologists, Bulletin, v. 62, p. 501.

BromLEY, R.G., 1996, Trace Fossils: New York, Chapman & Hall, 361 p.

Brown, L.F., aND FisHer, W.L., 1977, Seismic stratigraphic interpretation of depositiona sys-
tems. examples from Brazilian rift and pull-apart basins, in Clayton, C.E., ed., Seismic
Stratigraphy—Applications to Hydrocarbon Exploration: American Association of Petro-
leum Geologists, Specia Publication 26, p. 218-248.

Boon, J.D., 1975, Tidal discharge asymmetry in a salt marsh drainage system: Limnology and
Oceanography, v. 29, p. 71-80.

Boon, JD., anD Byrng, R.J,, 1981, On basin hypsometry and the morphodynamic response of
coastal inlet systems: Marine Geology, v. 40, p. 27-48.

Byrng, R.J., BuLLock, P., anp TyLer, D.G., 1975, Response characteristics of a tidal inlet: a
case study, in Cronin, L.E., ed., Estuarine Research: New York, Academic Press, v. I, p.
201-216.

Byrng, R.J., DEALTERIS, J.T., AN BuLLock, P.A., 1974, Channel stability in tidal inlets: a case
study: 14th Conference of Coastal Engineering, Copenhagen, Denmark, p. 1-20.

CampeeLL, C.V., 1967, Lamina, laminaset, bed, and bedset: Sedimentology, v. 8, p. 7-26.

CarTer, RW.G., 1986, The morphodynamics of beach-ridge formation: Magilligan, Northern
Ireland: Marine Geology, v. 73, p. 191-214.

Caster, K.E., 1934, The stratigraphy and paleontology of northwestern Pennsylvania, pt. 1:
Bulletin of American Paleontology, v. 21, 185 p.

CoLman, SM., Berquist, C.R., anp Hogss, C.H., 11, 1988, Structure, age and origin of the
bay-mouth shoal deposits, Chesapeake Bay, Virginia: Marine Geology, v. 83, p. 95-113.
CoLmaN, SM., Hatka, J.P., ano Hosss, C.H., 1992, Patterns and rates of sediment accumulation
in the Chesapeake Bay during the Holocene rise in sea level, in Hobbs, C.H., III, and
Wehmiller, JF., eds., Quaternary Coasts of the United States: Marine and Lacustrine Sys-

tems: SEPM, Specia Publication 48, p. 101-111.

CoLmaN, SM., Halka, JP., Hosss, CH., Ill, Mixon, R.B., anp Foster, D.S., 1990, Ancient
channels of the Susquehanna River beneath Chesapeake Bay and the Delmarva Peninsula:
Geological Society of America, Bulletin, v. 102, p. 1268-1279.

DeALteris, JT., aND Byrng, RJ., 1975, The recent history of Wachapreague Inlet, Virginia,
in Cronin, L.E., ed., Estuarine Research: New Y ork, Academic Press, v. 1 p. 167-181.
DatrympLE, RW., ZaitLin, B.A., anD Bovp, R., 1992, Estuarine facies models: Conceptual

basis and stratigraphic implications: Journal of Sedimentary Petrology, v. 62, p. 1130-1146.

DemaresT, JM., anp Krart, J.C., 1987, Stratigraphic record of Quaternary sea levels: impli-
cations for more ancient strata, in Nummedal, D., Pilkey, O.H., and Howard, J.D., eds., Sea-
Level Fluctuation and Coastal Evolution: SEPM, Special Publication 41, p. 223-239.

Fairsanks, R.G., 1989, A 17,000-year-glacio-eustatic sea level record—influence of glacial
melting rates on the Younger Dryas event and deep ocean circulation: Nature, v. 342, p.
1413-1425.

FinkeLstein, K., 1988, An ephemeral inlet from the Virginia barrier isiand chain: stratigraphic
sequence and preservation potentia of infilled sediments, in Aubrey, D.G., and Weishar, L.,
eds., Lecture Notes on Coastal and Estuarine Studies: Hydrodynamics and Sediment Dy-
namics of Tidal Inlets, v. 29: New York, Springer-Verlag, p. 257-268.

FinkeLstein, K., 1992, Stratigraphy and preservation potential of sediments from adjacent Ho-
locene and Pleistocene barrier-island systems, Cape Charles, Virginia, in Fletcher, CH., and
Wehmiller, JF., eds., Quaternary Coasts of the United States: Marine and Lacustrine Sys-
tems: SEPM, Specia Publication 48, p. 129-139.

FinkeLstein, K., anp FerLanp, M.A., 1987, Back-barrier response to sea-level rise, Eastern
Shore of Virginia, in Nummedal, D., Pilkey O.H., and Howard, J.D., eds., Sea-Level Fluc-
tuations and Coastal Evolution: SEPM, Special Publication 41, p. 146-155.

Finkewsten, K., ano Kearney, M.S., 1988, Late Pleistocene barrier-island sequence along the
southern Delmarva Peninsula: implications for middle Wisconsin sea levels: Geology, v. 16,
p. 41-45.

Ficueireno, A.G., Swirt, D.JP., StussLerieLd, W.L., AN CLarke, T.L., 1981, Sand ridges on
the inner Atlantic shelf of North America: morphometric comparisons with Huthance sta-
bility model: Geo-Marine Letters, v. 1, p. 187-191.

Fister, J.J., 1968, Barrier island formation: Discussion: Geological Society of America, Bul-
letin, v. 79, p. 1421-1426.

FisHer, W.L., anND McGowen, JH., 1967, Depositiona systems in the Wilcox Group of Texas
and their relationship to the occurrence of oil and gas: Gulf Coast Association of Geological
Societies, Transactions, v. 17, p. 105-125.

Fovie, A.M., 1994, Quaternary Seismic Stratigraphy of the Inner Shelf and Coastal Zone,
Southern Delmarva Peninsula, Virginia [unpublished Ph.D. dissertation]: Old Dominion Uni-
versity, Norfolk, Virginia, 492 p.

FovLe, A.M., anp OerteL, G.F., 1992, Seismic stratigraphy and coastal drainage patterns in
the Quaternary section of the southern Delmarva Peninsula, Virginia, USA: Sedimentary
Geology, v. 80, p. 1-17.

Fovie, A.M., anp OerTeL, G.F., 1997, Transgressive systems tract development and incised-
valley fills within Quaternary estuary-shelf systems: Virginiainner shelf, USA: Marine Ge-
ology, v. 137, p. 227-249.

Fox, W.T., Hanev, R.L., anp Curran, H.A., 1995, Penouoille Spit, evolution of a complex
spit, Gaspé, Quebec, Canada: Journal of Coastal Research, v. 11, p. 478-493.

GoLpsmiTH, V., Morris, W.D., Byrng, R.J.,, AND WHiTLock, C.H., 1974, Wave climate model
of the mid-Atlantic shelf and shoreline (Virginian Sea): National Aeronautics and Space
Administration, Special Publication 38, 144 p.



690

GranAT, M.A., anD Lubwick, J.C., 1980, Perpetual shoals at the entrance to Chesapeake Bay:
flow-substrate interactions and mutually evasive net currents: Marine Geology, v. 36, p,
307-323.

GRreenwooD, B., AnD SHerman, D.J., 1984, Waves, currents, sediment flux, and morphological
response in a barred nearshore system: Marine Geology, v. 60, p. 31-61.

Hebserg, H.D., 1976, International Stratigraphic guide: New Y ork, Wiley, 200 p.

Hequerte, A., anp Hit, P.R., 1995, Response of the seabed to storm-generated combined
flows on a sandy Arctic shoreface, Canadian Beaufort Sea: Journal of Sedimentary Research,
V. 65, p. 461-471.

Hicks, SD., anp Hickman, L.E., 1988, United States sea level variations through 1986: Shore
and Beach, v. 52, p. 3-7.

Hogss, C.H., CoLman, SM., anp Berquist, C.R., 1986, Sandy estuarine fill transported into
the mouth of Chesapeake Bay, in Tanner, W.F., ed., Suite Statistics and Sediment History:
Proceedings of the Seventh Symposium on Coastal Sedimentology, Geology Department,
Florida State University, Tallahassee, Florida, p. 180-198.

HoLpaHt, SR., aND Morrison, N.L., 1974, Regional investigations of vertical crusta move-
ments in the U.S,, using precise relevelings and mareograph data: Tectonphysics, v. 23, p.
373-390.

LeatHeErMAN, S.P., WiLLIams, A.T., aNp FisHer, J.S., 1977, Overwash sedimentation associated
with a large-scale northeaster: Marine Geology, v. 24, p. 109-121.

Lubwick, J.C., 1970, Sand waves and tidal channels in the entrance of Chesapeake Bay: Vir-
ginia Journal of Science, v. 21, p. 178-184.

Lubwick, J.C., 1972, Migration of tidal sand waves in Chesapeake Bay entrance, in Swift,
D.JP., Duane, D.B., and Pilkey, O.H., eds., Shelf Sediment Transport: Processes and Pat-
terns: Stroudsburg, Pennsylvania, Dowden, Hutchinson, & Ross, p. 377-410.

Lubwick, J.C., 1974, Tidal currents and zig-zag sand shoals in a wide estuary entrance: Geo-
logical Society of America, Bulletin, v. 85, p. 717-726.

Luowick, J.C., 1975, Tida currents, sediment transport, and sand banks in Chesapeake Bay
entrance, Virginia, in Cronin, T.M., ed., Estuarine Research, Volume Il: New York, Aca
demic Press, p. 365-380.

Luowick, J.C., 1978, Coastal currents and an associated sand stream off Virginia Beach, Vir-
ginia: Journa of Geophysical Research, v. 83, p. 2365-2372.

Lupwick, J.C., AND WELLs, J.T., 1974, Particle Size Distribution and Small Scale Bedformson
Sand Waves, Chesapeake Bay Entrance: Norfolk, Virginia, Institute of Oceanography, tech-
nical report no. 12, Old Dominion University, 116 p.

McKEee, ED., ano WerR, G.W., 1953, Terminology for strétification and cross-stratificationin
sedimentary rocks: Geological Society of America, Bulletin, v. 64, p. 381-390.

MippLeron, G.V., 1973, Johannes Walther's law of correlation of facies: Geological Society
of America, Bulletin v. 84, p. 979-898.

Mixon, R.B., 1985, Stratigraphic and geomorphic framework of uppermost Cenozoic deposits
in the southern Delmarva Peninsula, Virginia and Maryland: U.S. Geologica Survey, Pro-
fessional Paper 1067-G, 53 p.

Moopy, D.W., 1964, Coastal morphology and processes in relation to the development of
submarine sand ridges off Bethany Beach, Delaware [Ph.D. Thesis]: Johns Hopkins Uni-
versity, Baltimore, Maryland, 167 p.

MuLLER, A., SwiFt, D.J.P., AND ScHEigg, T., 1999, Stratal architecture in a prograding shoreface
deposit, Eastern Shore, Virginia: Relationship of grain size, permeability and stratal archi-
tecture to facies distribution [abstract]: American Geophysical Union, 1999 Spring Meeting,
Abstracts, paper H32C-09.

Newman, W.S., ano Munsart, C.A., 1968, Holocene geology of the Wachapreague lagoon,
Eastern Shore Peninsula, Virginia: Marine Geology, v. 6, p. 81-105.

Newman, W.S,, anp Rusnak, G.A., 1965, Holocene submergence of the Eastern Shore of Vir-
ginia: Science, v. 148, p. 1464-1466.

NicHoLs, M.M., 1972, Inner shelf sediments off Chesapeake Bay. I: general lithology and
composition: Virginia Ingtitute of Marine Science, Special Science Report, v. 64, 20 p.

NummepaL, D., ano Swirt, D.J.P., 1987, Transgressive stratigraphy at sequence bounding un-
conformities: Some principles derived from Holocene and Cretaceous examples, in Num-
medal, D., Pilkey, O.H., and Howard, JD., eds., Sea Level Fluctuation and Coastal Evo-
lution: SEPM, Special Publication 41, p. 223-240.

NummepaL, D., RiLey, GW., anp Tempeer, P.L., 1993, High-resolution sequence architecture:
a chronostratigraphic model based on equilibrium profile studies, in Posamentier, H.W.,
Summerhayes, C.P., Hag, B.U., and Allen, G.P., eds., Sequence Stratigraphy and Facies
Associations: International Association of Sedimentologists, Special Publication 18, p. 55—
68.

OerteL, G.F., KrarT, J.C., KEARNEY, M.S,, anD Woo, H.J.,, 1992, A rational theory for barrier-
lagoon development, Quaternary coasts of the United States: Marine and Lacustrine systems:
SEPM, Special Publication 48, p. 77-87.

PaLmer, H.D., WiLson, D.G., ano Manein, J-P., 1975, Nearshore current regimes in a linear
shod field, Middle Atlantic Bight, U.SA.: Mechanism and rates of sedimentation: Inter-
national Sedimentological Congress, v. 9, Theme 6, p. 137-140.

PeLmier, W.R., 1990, Glacio-isostatic adjustment and relative sea-level change, in Geophysics
Study Committee, Commission on Physical Sciences, Mathematics, and Resources, Studies
in Geophysics: Sea-Level Change: Washington, D.C., National Research Council, National
Academy Press, p. 73-87.

PuLinT, A.G., AN Nummepa, D., 2000, The falling stage systems tract: recognition and impor-
tance in sequence stratigraphic anaysis, in Hunt, D., and Gawthorpe, R.L., eds., Sedimentary
Responses to Forced Regressions: Geological Society of London, Specia Publication 172,
p. 1-17.

Reaping, H., 1996, Sedimentary Environments; Process, Facies and Stratigraphy, Third edition:
London, Blackwell Scientific Publications, 688 p.

B. PARSONSET AL.

Ricg, T.E., 1977, Characteristics of the Eastern Shore of Virginia, in Goldsmith, V. ed., Coastal
Processes and Resulting Forms of Sediment Accumulation, Currituck Spit, Virginia and
North Carolina: SEPM, Eastern Section, Field Guide, June 10-11, 1977, and Virginia In-
stitute of Marine Science, Gloucester Point, Virginia, Special Report in Applied Marine
Science and Ocean Engineering, no. 143, section 1, p. 1-13.

Rice, T.E., aND LeatHermaN, S.P., 1983, Barrier island dynamics: The Eastern Shore of Vir-
ginia: Southeastern Geology, v. 24, p. 125-137.

SuackLeTon, N.J, anD Pisias, N.G., 1985, Atmospheric carbon dioxide, orbital forcing, and
climate, in Sundquist, E.T., and Broeker, W.S., eds., The Carbon Cycle and Atmospheric
Carbon Dioxide: Natural Variations, Archean to Present: American Geophysical Union,
Geophysical Monograph 32, p. 303-317.

SHIDELER, G.L., Lubwick, J.C., OerTEL, G.F., AND FINKELSTEIN, K., 1984, Quaternary stratigraphic
evolution of the southern Delmarva Peninsula coastal zone, Cape Charles, Virginia: Geo-
logical Society of America, Bulletin, v. 95, p. 489-502.

SUINGERLAND, R.L., 1977, Processes, responses, and resulting stratigraphic sequences of barrier
island tidal inlets as deduced from Assawoman Inlet, Virginia [Unpublished Ph.D. disser-
tation]: State College, Pennsylvania, Pennsylvania State University, 502 p.

Swirr, D.JP. 1968, Coastal erosion and transgressive stratigraphy: Geology, v. 76, p. 444—
456.

Swirt, D.J.P,, 1975, Barrier-island genesis: evidence from the central Atlantic Shelf, Eastern
U.SA.: Sedimentary Geology, v. 14, p. 1-43.

Swirr, D.JP., anp FieLp, M.E., 1981, Evolution of a classic sand ridge field: Maryland sector,
North American inner shelf, Sedimentology, v. 28, p, 461-482.

Swirt, D.J.P., Koroep, JW., SauLssury, F.P., aND Sears, P., 1972, Holocene evolution of the
shelf surface, central and southern Atlantic Shelf of North America, in Swift, D.J.P., Duane,
D.B., and Pilkey, O.H., eds., Shelf Sediment Transport: Stroudsberg, Pennsylvania, Dowden,
Hutchinson & Ross, p. 499-574.

Swirt, D.JP., Parsons, B.S,, FovLg, A., anp OerreL, G.F., 2003, Between beds and sequences:
stratigraphic organization at intermediate scales in the Quaternary of the Virginia coast,
USA: Sedimentology, v. 50, p. 81-111.

Swirt, D.J.P., Nieboropa, A.W., Vincent, C.E., ano Horxins, T.S., 1985, Barrier island evo-
lution, Middle Atlantic Shelf, USA. Part I: shoreface dynamics: Marine Geology, V. 63, p.
331-361.

Swirt, D.JP., PriLLips, S, AnD THornE, JA., 1991, Sedimentation on continental margins, 1V:
Facies differentiation and sand body classification, in Swift, D.J.P., Tillman, R.W., Oertel,
G.F., and Thorne, JA., eds,, Shelf Sand and Sandstone Bodies: Geometry, Facies, and
Sequence Stratigraphy: International Association of Sedimentologists, Special Publication
14, p. 89-152.

Swirt, D.JP., THornE, JA., AN OerTeL, G.F., 1986, Fluid processes and sea-floor response on
amodern storm-dominated shelf: Middle Atlantic Shelf of North America. Part I1: response
of the shelf floor, in Knight, R.J.,, and McLean, JR., eds,, Shelf Sands and Sandstones:
Canadian Society of Petroleum Geologists, Memoir 11, p. 191-211.

Szaso, B.J, 1985, Uranium-series dating of fossil coras from marine sediments from the
southeastern United States Atlantic Coastal Plain: Geological Society of America Bulletin,
V. 96, p. 398-406.

THorng, JA., aND SwiFt, D.JP., 1991, Sedimentation on continental margins, VI: a regime
model for depositional sequences, their component systems tracts, and bounding surfaces,
in Swift, D.JP., Oertel, G.F., Tillman, RW., and Thorne, JA., eds., Shelf Sands and Sand-
stone Bodies: Geometry, Facies and Sequence Stratigraphy: International Association of
Sedimentologists, Specia Publication 14, p. 198-255.

Toscano, M.A., 1992, Record of oxygen isotope Stage 5 on the Maryland inner shelf and
Atlantic Coastal Plain—a post-transgressive-highstand regime, in Fletcher, C.H., I, and
Wehmiller, JF., eds., Quaternary Coasts of the United States: Marine and Lacustrine Sys-
tems, SEPM, Specia Publication 48, p. 89-99.

Toscano, M.A., anp York, L.L., 1992, Quaternary stratigraphy and sea-level history of the
U.S. Middle Atlantic Coastal Plain: Quaternary Science Reviews, v. 11, p. 301-328.

VaN WAGONER, J.C., PosamenTier, H.W., MitcHum, R.M., Jr., VaiL, P.R., Sarc, JF., LouTiT,
T.S., anp HaroensoL, J,, 1988, An overview of the fundamentals of sequence stratigraphy
and key definitions of sequence stratigraphy, in Wilgus, C.K., Hastings, B.S., Kendall,
C.G.St.C., Posamentier, H.W., Ross, C.A., and Van Wagoner, J.C., eds., Sea-level Changes:
An Integrated Approach: SEPM, Special Publication 42, p. 39-47.

WEHMILLER, J.F., BELknaP, D.F., Boutin, B.S., Mirecki, JE., RaHam, SD., anp York, L.L.,
1988, A review of the aminostratigraphy of Quaternary mollusks from United States Atlantic
Coastal Plain sites, in Easterbrook, D.L., ed., Dating Quaternary Sediments: Geologicel
Society of America, Special Paper 227, p. 69-110.

WELLs, JT., anp Lupwick, J.C., 1974, Application of multiple comparisons to grain size on
sand waves: Journal of Sedimentary Petrology, v. 44, p. 1029-1036.

WrieHT, L.D., Boon, J.D., Ill, Green, M.O., anp List, JH., 1986, Response of the mid shor-
eface of the southern Mid-Atlantic Bight to a ‘‘northeaster'’: Geo-Marine Letters, v. 6, p.
153-160.

WhricHT, L.D., Kim, C.S., Haroaway, C.S, KimeaLL, SM., anp Green, M.O., 1987, Shoreface
and beach dynamics of the Coastal region from Cape Henry to False Cape, Virginia: Virginia
Institute of Marine Science, Technical Report, 116 p.

WRiGHT, L.D., Xu, JP., aND Mapsen, O.S., 1994, Across-shelf benthic transports on the inner
shelf of the Middle Atlantic Bight during the ** Halloween storm’ of 1991: Marine Geology,
v. 118, p. 61-77.

ZHANG, Y., SwiFt, D.J.P., Nieboroba, A.W., Reip, C.W., aND THorNE, JA., 1997, Simulation
of sedimentary facies on the northern California shelf: implications for an analytical theory
of facies differentiation: Geology, v. 27, p. 635-638.

Received 31 August 1999; accepted 21 January 2003.



